P opulation aging and multimorbidity have led to a global increase of chronic kidney disease (CKD) and end-stage renal disease (ESRD). 1 Cardiovascular events are the leading causes of mortality and morbidity among those with CKD; data from the Atherosclerosis Risk in Communities Study and Cardiovascular Health Study show that the presence of baseline CKD stages 3 to 4 conferred a 30% to 40% higher risk of cardiovascular events compared with non-CKD participants, 2, 3 while prior meta-analysis revealed that having an estimated glomerular filtration rate of <60 mL/min per 1.73 m 2 increased the risk of cardiovascular mortality 2-to 5-fold. 4 Uremic vascular calcification (VC) involving either the tunica intima, as with atherosclerosis, or the tunica media, as with Monckeberg medial sclerosis, plays an important role in the increased cardiovascular risk brought on by CKD. The risk of VC increases with higher CKD stages, reaching its peak in those with ESRD undergoing chronic dialysis. 5 Depending on imaging techniques, the presence of VC in any arterial site elevates the risk of cardiovascular events and mortality 3-to 4-fold, and the risk is highest for those with ESRD. 6 The pathogenesis of uremic VC is complex and involves the interplay between vascular smooth muscle cells (VSMCs), other vascular wall constituents, monocytes/macrophages, circulating stem cells, and adverse vascular microenvironments. 7 Active osteochondroblastic differentiation, imbalance between the promoters and inhibitors of the calcification process, dysregulated bone turnover, chronic low-grade inflammation, and oxidative stress have all been cited to participate in the course of uremic VC. 8 MicroRNAs (miRNAs), 9-to 23-nucleotide RNA species that down-regulate target gene expression, are relatively new players in the development of VC. Through suppressing the mediators of osteoblastic differentiation, mineralization (runt-related transcription factor 2, alkaline phosphatase [ALP], matrix metalloproteinase-2, etc), and calcium deposition (osterix, KLF4/ STAT3), overexpression of several miRNAs have been shown to reduce the probability and severity of arterial calcification in cellular and animal models. 9 The pathogenic importance of microRNAs in VC serves to underlie the potential of circulating miRNAs as diagnostic biomarkers for predicting VC risk. Existing studies rarely address the utility of circulating miRNAs for predicting uremic VC. Using a translational approach based on the in vitro screening of a VSMC biomineralization model and the findings in animal models and patient sera, we discovered that high serum microRNA125b (miR-125b) levels were predictive of a lower probability of VC in ESRD patients. 10 However, the relationship between serum miR-125b and levels of other molecules involved in chronic kidney disease-mineral bone disorder (CKD-MBD) is unclear. Several reports suggest that miR-125b regulates osterix, ETS1, and CCL4 expression in VSMCs and valves, [11] [12] [13] but none have examined the miRNA-protein association in clinical samples. In addition, whether miR-125b influences uremic VC through modifying other CKD-MBD molecules, including divalent ions, fibroblast growth factor-23 (FGF-23), intact parathyroid hormone, osteoprotegerin, fetuin-A, and vitamin D, remains unknown. We hypothesize that serum miR-125b levels may exhibit a close relationship with other CKD-MBD molecules among patients with ESRD, and this relationship affects how serum miR-125b can be used to estimate the risk associated with VC. We aimed to examine this hypothesis using a prospectively enrolled multicenter cohort of patients undergoing chronic hemodialysis.
Methods
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure, as the data contained patient-sensitive information.
Ethical Approval
The Institutional Review Board of the National Taiwan University Hospital (No. 201208069RIC) approved the current study, and the study protocol adheres to the Declaration of Helsinki. Written informed consent was obtained from all participants.
Participant Enrollment and Data Recording
This part of study procedure has been described previously. 10 In brief, we prospectively enrolled participants with ESRD receiving chronic dialysis for ≥3 months from the National Taiwan University Hospital and its affiliated branches (Jinshan and Yunlin) between 2012 and 2014. 10 A cohort of patients undergoing chronic hemodialysis from the same institute was also identified between 2011 and 2012 for combinatorial analysis, as described previously. 10 Concise medical histories, including demographic profiles, comorbidities, physical parameters, and concurrent medications, were documented from participants during enrollment. Comorbidities (diabetes mellitus, hypertension, cardiac/cerebrovascular events, and peripheral vascular disease) and utilization of medications commonly used to manage vascular events were ascertained. All participants received blood tests immediately before their regular dialysis session for assaying hemograms, serum biochemistry (albumin, electrolytes, pre-and postdialysis urea nitrogen, creatinine, and ALP), iron profiles (ferritin), and lipid profiles (cholesterol and triglycerides). Part of the participants' sera was cryopreserved for CKD-MBD-related molecule analysis. Intact parathyroid hormone levels were measured using an ELISA (LIAISON; DiaSorin, Stillwater, MN), while 25-hydroxyvitamin D was detected using a radioimmunoassay (DiaSorin, Stillwater, MN). We checked
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What Is New?
• We previously discovered that high serum miR-125b levels were associated with a lower probability of uremic VC in patients with end-stage renal disease.
• In this study, we examined the probability of using clinical features and chronic kidney disease-mineral bone disorder molecules to track serum miR-125b levels among patients with end-stage renal disease.
• Osteoprotegerin, fetuin-A, and fibroblast growth factor-23 levels strongly correlated with serum miR-125b levels and influenced the risk of uremic VC.
What Are the Clinical Implications?
• Serum osteoprotegerin levels and serum miR-125b levels act synergistically in their influences on uremic VC, and both factors can be crucial components in the pathogenesis of uremic VC.
serum FGF-23, osteoprotegerin, and fetuin-A levels using commercially available ELISA methods (EZHFGF23-32K; Millipore, Billerica, MA; ELH-OPG; RayBiotech, Guangzhou, China; DFTA00; R&D Systems, Minneapolis, MN; respectively). Interassay variations were found to be <3% for each parameter tested. Following the documentation of clinical and laboratory data, we had all participants receive posteroanterior chest X-ray examinations. The severity of aortic arch calcification (AAC) was quantitatively assessed based on a widely validated AAC staging system, 14, 15 in which stages 0 to 3 represent a scale of VC severity, 3 representing the highest severity of VC and 0 representing no instance of VC. AAC severity results, evaluated by chest radiographs, have been shown to exhibit a good correlation with the extent of coronary and limb VC or vasculopathy in patients undergoing chronic dialysis. [15] [16] [17] We chose the presence of AAC in this study as the phenotypic manifestation of uremic VC, which consisted of stage 1 to 3 VC in the AAC staging system (Figure 1 ), in accordance with our previous approach. 10 The calcification severity of the enrolled participants in other anatomic sites has been shown to match that of aorta previously.
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Determination of Circulating MiRNA-125b Levels
The technique for extracting and quantifying circulating miRNA has been described previously. 10 Briefly, short-length RNAs were extracted from participants' sera using the miRNeasy kit (Qiagen; Venlo, Netherlands) via the spin column technique, according to the manufacturer's instructions. Fixed amounts of Caenorhabditis elegans miR-39 was added into each sample as a spike-in exogenous reference for optimizing extraction efficiency and for subsequent quantification. The utilization of this spike-in control in studies involving circulating miRNA has been reported to be a consistent approach for normalization in the existing literature [18] [19] [20] and is recommended by the miRNA extraction kit manufacturer. There are also studies suggesting that normalization of serum miRNAs to C elegans miR-39 yields similar results to other endogenous controls while, additionally, accounting for the influences of storage or frozen-related alterations of endogenous controls. 21 Sera from age-and sexmatched healthy individuals were used as references. We also used internal control samples in each plate to reduce interplate variability. Purified miRNAs were reverse-transcribed to cDNA and quantified using the miScript RT kit (Qiagen) and the miScript SYBR green PCR kit (Qiagen), and all the tests were performed in triplicate, with average results reported. Serum miR-125b levels were calculated based on the ΔΔCt method.
Statistical Analysis
Based on prior findings, lower circulatory miR-125b levels were associated with higher risks of developing VC in ESRD patients. Moreover, a miR-125b threshold of ≥0.06 exhibited an excellent sensitivity and high likelihood for excluding uremic VC based on the area under the receiver operating characteristic curve (AUROC). 10 In this study, we categorized the participants' serum miR-125b levels as being ≥0.06 or <0.06 and compared clinical features (demographic profile, comorbidities, physical parameters, medication used, and laboratory data) between the 2 groups using an independent t test and a chi-squared test for continuous and categorical variables, respectively. We also assessed the correlations between serum miR-125b levels and clinical variables using the Pearson correlation coefficient. To examine the relationship between clinical features and serum miR-125b levels, we conducted 2 types of multivariate regression analyses with stepwise backward variable selection, one a linear regression model using miR-125b level in a continuous fashion, and the other a logistic regression model using miR-125b levels in a binary fashion (≥0.06 or <0.06), both incorporating demographic profiles, comorbidities, physical parameters, medications, and all laboratory data. We organized a panel of "core vascular variables" (CVS), including age, sex, body mass index, dialysis duration, vascular comorbidities (diabetes mellitus, hypertension, heart failure, myocardial infarction, coronary artery disease, stroke, and peripheral vascular disease), lipid profile, and CKD-MBD parameters (calcium, phosphorus, calcium-phosphorus product, ALP, 25-hydroxy-D, intact parathyroid hormone, FGF-23, osteoprotegerin, and fetuin-A), based on prior reports. 7, 22 For each type of multivariate linear or logistic regression analysis, we further constructed 3 subtypes of regression modeling: one incorporating CVS, another incorporating CVS with all medications, and the other incorporating CVS and all other variables. Model validity for the multivariate logistic regression analyses targeting serum miR-125b category (high versus low) was reassured using Hosmer-Lemeshow tests. This was followed by ROC curve analyses and a numerical comparison of AUROCs between different multivariate logistic regression models with serum miR-125b category (high versus low) as the dependent variable. The optimal cutoff value for selected variables was calculated, using the Youden Index, along with their associated sensitivities and specificities. Finally, we evaluated the association between clinical features, serum miR-125b, and uremic VC status among all participants using multivariate logistic regression models (uremic VC versus no VC) with stepwise backward variable selection, incorporating CVS, CVS with miR-125b levels, and CVS with selected variables based on the cutoff determined from the analyses of miR-125b determinants.
All statistical analyses were performed using SPSS software version 18 (IBM Corporation, Armonk, NY) and 2-tailed P-values <0.05 were considered significant.
Results
A total of 223 ESRD patients undergoing chronic dialysis were enrolled from 3 institutes, among whom 54 (24.2%) and 169 (75.8%) had high and low serum miR-125b levels, respectively. The mean age of participants was 67.3AE12.9 years, and they received 5.2AE4.1 years of dialysis (Table 1 ). More than 80% of participants had hypertension, 40% had diabetes mellitus, and 30% had coronary artery disease. Nearly half received b-blockers, while one third of them took angiotensinconverting enzyme inhibitors/angiotensin receptor blockers and active vitamin D. There was no significant difference in most clinical features between ESRD patients with high or low serum miR-125b levels, except for higher osteoprotegerin (P=0.004) and borderline increased fetuin-A (P=0.07) levels in the former group (Table 1) . Increased ln(serum miR-125b) levels were associated with increased serum osteoprotegerin (P=0.031; Figure 2A ), FGF-23 (P=0.018; Figure 2B ), and fetuin-A (P=0.038; Figure 2C ) levels. In the following analysis, FGF-23 data underwent a natural log transformation for the purpose of normalizing the distribution.
To examine the relationship between serum miR-125b levels and clinical features, we conducted stepwise multivariate regression analyses focusing on serum miR-125b levels. Multivariate linear regression analyses revealed that serum osteoprotegerin (P=0.013), FGF-23 (P=0.006), and fetuin-A (P=0.036) levels were significant determinants of miR-125b levels (as a continuous variable), independent of demographic profile, dialysis duration, vascular comorbidities, and other well-known molecules involved in CKD-MBD (model 1; Table 2 ). These associations persisted after considering the influence of concurrent medications and other comorbidities or laboratory parameters (models 2 and 3; Table 2 ).
To examine the determinants for low serum miR-125b levels, a known risk factor for uremic VC among ESRD patients, 9 multivariate logistic regression analyses using were significantly associated with having low miR-125b levels (model 1; Table 3 ). After adjusting for other nonvascular comorbidities and laboratory data, multivariate logistic regression analyses showed that lower serum osteoprotegerin levels remained significantly associated with low miR-125b levels (models 2 and 3; Table 3 ). We found that the above multivariate logistic regression models were valid (Hosmer-Lemeshow tests for model 1, P=0.93; for model 2, P=0.63; for model 3, P=0.91), and the AUROC of models 1, 2, and 3 (Table 3) were 0.62 (95% CI, 0.53-0.7), 0.73 (95% CI, 0.66-0.81), and 0.75 (95% CI, 0.67-0.82) (for the hypothesis AUROC=0.5 versus 6 ¼0.5; P=0.009, <0.001, and <0.001), respectively ( Figure 3A) . Cutoff values for serum osteoprotegerin levels were 335 pg/mL (model 1), 432 pg/mL (model 2), and 400 pg/mL (model 3). Model 3 showed the highest accuracy, based on Youden Index, with a sensitivity and specificity of 67% and 73%, respectively.
Finally, we evaluated the clinical importance of the threshold osteoprotegerin level we identified. A total of 161 (72.2%) of the enrolled ESRD patients had VC and had significantly lower serum miR-125b levels (with versus without, 0.27AE1.25 versus 0.9AE1.52; P=0.002) and fetuin-A levels (467AE196 lg/mL versus 565AE236 lg/mL; P=0.002), but higher osteoprotegerin levels (424AE190 pg/mL versus 358AE186 pg/mL; P=0.022) than those without VC. Those with uremic VC exhibited a significantly higher proportion of having high osteoprotegerin (>400 pg/mL) than those without (with versus without, 48% versus 31%; P=0.016). Stepwise multivariate logistic regression analyses focusing on uremic VC presence showed that age (P=0.029), ALP (P=0.018), and fetuin-A (P=0.006) were significantly associated with uremic VC (model 1; Table 4 ). After adding the variable serum miR125b level into the analysis, multivariate logistic regression analyses revealed that miR-125b (P=0.001) and osteoprotegerin (P=0.003) became significantly associated with uremic VC (model 2; Table 4 ). The AUROC for models 1 and 2 had a numerical increase from 0.74 (95% CI, 0.67-0.81) to 0.79 (95% CI, 0.73-0.86) ( Figure 3B ), lending support to the importance of serum miR-125 levels during the examination of the risk factors of uremic VC. Furthermore, we discovered that switching osteoprotegerin level from a continuous variable to a categorical one (≥400 versus <400) marginally increased the AUROC of the multivariate logistic regression models from 0.79 (95% CI, 0.73-0.85) to 0.81 (95% CI, 0.74-0.86) ( Figure 3B ).
Discussion
In this study, we discovered that serum osteoprotegerin, fetuin-A, and FGF-23 levels were independently associated with serum miR-125b among ESRD patients and younger age, shorter dialysis duration, and higher osteoprotegerin levels might be markers for high serum miR-125b levels. Furthermore, we identified an optimal osteoprotegerin cutoff value for detecting high miR-125b levels among these patients. We showed that serum miR-125b and fetuin-A were inversely associated with VC risk, while osteoprotegerin and FGF-23 worked in the contrary. Adapting the serum osteoprotegerin threshold into regression models estimating VC risk might improve the overall ability to gauge VC besides other clinical features, thus having potential utility in clinical practice. We discovered that higher serum osteoprotegerin was associated with high miR-125b levels (Tables 2 and 3 ), but higher osteoprotegerin levels were associated with an increased risk of uremic VC (Table 4) . Osteoprotegerin, a member of a tumor necrosis factor receptor family, acts as a soluble decoy receptor that competes for receptor activator of NF-jB ligand and tumor necrosis factor -related apoptosisinducing ligand, thus preventing osteoclastic differentiation, as well as bone resorption. 23 Osteoprotegerin can also reduce the amount of apoptotic bodies serving as nucleation sites for mineralization and suppress the action of ALP through blocking receptor activator of NF-jB ligand, thereby inhibiting VC in vitro. 24, 25 However, in clinical studies, higher serum osteoprotegerin levels have been consistently shown to correlate with more severe coronary artery calcification and 11, 12 but also with a higher probability of VC.
We believe that the association between osteoprotegerin and the clinical severity of calcification is reflective of a countermeasure to reduce calcification. 28 In addition, chronic inflammation, a plausible mediator for uremic VC, has been found to stimulate the expression of osteoprotegerin in VSMCs, along with its capacity to up-regulate ALP in the same cells. 29, 30 This phenomenon might serve to underlie the discordant relationship between serum osteoprotegerin, miR125b, and VC status found in our study. The negative and positive associations between fetuin-A and FGF-23, and uremic VC status (Table 4) , respectively, align with results from most literature, 7, 31 lending support to the credibility of our findings. Circulating miRNAs are newly emerging biomarkers with important clinical utility in the diagnosis of cardiovascular and metabolic diseases. However, the issue of their effect being confounded by other clinical features has been previously raised. Goretti et al have reported age and body mass index influenced several serum cardio-miR levels among patients with myocardial infarctions. 32 Others have also suggested that serum glucose levels, lipid levels, and glycated hemoglobin levels exhibit a significant association with serum miR-144-5p, miR-1207-5p, and miR-625-3p levels among individuals with metabolic syndrome. 33 In this study, age and dialysis duration were found to be significant determinants of serum miR-125b levels, suggesting that clinical features are potential modifiers of miRNA levels. Furthermore, we showed that while advanced age was associated with having low serum miR-125b levels, the association between age and uremic VC disappeared after accounting for serum miR-125b levels (models 2 and 3 in Table 4 ). Pilot studies have indicated that the levels of several circulating inflammation-related or metabolism-associated miRNAs decreased with higher patient age, 34, 35 and the expression of miR-125b reportedly attenuated inflammatory injuries in osteochondrogenic cells. 36 This implies that miR-125b might play an important role in modulating cellular susceptibility to inflammation in osteogenic cells, and putatively work the same in VSMCs acquiring the ability of calcium deposition. Since serum miR125b levels may be surrogates of tissue miR-125b from the vascular wall, we speculate that the age-associated alterations in circulating miRNAs, especially in miR-125b levels, may be partially responsible for the increased risk of VC, which is further aggravated by a uremic environment. This is also supported by reports revealing that age-related factors interact with plasma miR-125b when modulating the risk of coronary artery disease, 37 and age dictates the expression levels of miR-125b in tissues like epidermis. 38 In addition, the development and progression of uremic VC is often accelerated by increased dialysis vintage, which is possibly related to the accumulative injuries from CKD-MBD pathogenic sequels and excessive exposure to calcium-based phosphate binders. The independent relationship between increased dialysis vintage and serum miR-125b levels we observed can be an underrecognized explanation for the risk of uremic VC brought on by longer periods of chronic dialysis. It is interesting to find that besides osteoprotegerin levels, higher serum miR-125b levels were also associated with increased FGF-23 and fetuin-A levels in ESRD patients (Table 3) . Clinical studies rarely report a connection between FGF-23 and miRNAs. To examine the biologic connections between miR-125b and the studied factors, we further looked for differentially expressed genes associated with miR-125b and FGF-23/fetuin-A (AHSG)/osteoprotegerin (TNFRSF11B), based on Kyoto Encyclopedia of Genes and Genomes pathway analysis and Reactome pathway enrichment approach, threaded in detail with miRNA-protein and core protein-protein interaction networks constructed using STRING (Search Tool for the Retrieval of Interacting Genes) version 9.1. We showed that Kyoto Encyclopedia of Genes and Genomes pathways (Figure 4 ), all of which play an important role in the pathogenesis of uremic VC. Our findings then provide the evidence for the existence of biologic and clinical associations between miR-125b and these CKD-MBD molecules. Based on miRNA target prediction software, prior studies proposed that miR-197 and miR-297a directly target FGF-23 expression in aortas or phosphaturic tumors, although none were verified in vitro or in vivo. 39, 40 Our study might be among the first few to show that in biologic fluids, serum FGF-23 is closely associated with serum miRNA levels, but whether miR125b directly or indirectly regulates FGF-23 expression remains to be investigated. Based on the bioinformatics results provided above (Figure 4 ), it is likely that both direct and indirect relationship could exist. Similarly, a direct or indirect relationship between fetuin-A and miR-125b has not been reported yet, but might be plausible in light of our analytic results ( Figure 4 ). In addition, other reasons may account for our findings that serum fetuin-A levels parallel miR-125b levels. For instance, fetuin-A can co-localize with certain miRNAs with calcification-regulatory capacity in extracellular vesicles (EVs) detectable in circulation. Indeed, fetuin-A is selectively loaded into matrix vesicles secreted by VSMCs, and a selective loading of miRNAs that target osteoblastdifferentiation genes, including miR-125b, into EVs has been demonstrated. 41, 42 In this sense, the significant association between fetuin-A and serum miR-125b might be partially explained by the mechanism of EV-influenced VC, although an indirect regulatory relationship in action is still possible. Inflammation plays a key role in the propagation of uremic VC. Proinflammatory cytokines, including interleukin-6 and tumor necrosis factor-a, orchestrate the progression of vascular calcification through endocrine, paracrine, and autocrine mechanisms such as promoting endothelial dysfunction, proatherogenic influences, enhancing oxidative stress, and so on. 43 The status of ESRD is frequently accompanied by chronic inflammation and higher levels of circulatory proinflammatory cytokines, and these factors, alongside other cardiovascular risk factors, may predispose individuals to vessel wall inflammation and the development of uremic VC. 44, 45 Experimental studies revealed that miR125b expression was suppressed by lipopolysaccharide in several cell types, and miR-125b directly targeted MIP-1a and inhibited NF-jB activation. 36 It is likely that miR-125b may influence the risk of uremic VC through modulating the molecular alterations underlying local vascular wall inflammation, although more evidence is still needed.
This study has its strength and limitations. The discovery that CKD-MBD molecules exhibit significant correlations with serum miRNA levels has not been reported before and this relationship can help enhance current risk estimating models for uremic VC. However, this study is cross-sectional in nature, thereby rendering the interpretation of causality between CKD-MBD molecules and changes in miRNA levels difficult. We did not assay all the known CKD-MBD molecules in this study, and residual influences exerted by other CKD-MBD players may still be present. Nonetheless, the AUROCs of the regression models in this study were generally valid, and we believe that such influences are minor at best.
In conclusion, using a prospectively collected ESRD cohort, we revealed that serum osteoprotegerin, fetuin-A, and FGF-23 levels independently correlated with serum miR-125b levels and all of them exhibited an association with uremic VC. Serum osteoprotegerin levels higher than 400 pg/mL and low serum miR-125b levels synergistically enhance VC risk estimating ability using other clinical features in ESRD patients, supporting the importance of taking miR-125b and osteoprotegerin levels into consideration during the estimation of VC risk.
